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INTRODUCTION
Chalcogenide glasses (ChGs) have attracted significant interest in the past several years 1 as a promising platform for both integrated and fiber-based all-optical devices for future ultrahigh bit-rate optical communication systems. Collectively, this class of glasses exhibits many attractive features required for nonlinear all-optical devices, such as high nonlinearity (with third-order Kerr optical nonlinearities reported up to 1000 times silica), 1, 2 low two-photon absorption in the 1.55 m optical telecommunications band, photosensitivity to visible light, and the ability to tailor linear and nonlinear optical properties by adjusting stoichiometry. The ability to write Bragg gratings in ChG waveguides via their photosensitivity 3 offers a powerful addition to the large intrinsic nonlinearity and is highly promising for nonlinear all-optical devices such as optical regenerators [4] [5] [6] and switches based on gap solitons. 7, 8 For these all-optical applications, the quality of the grating filter (high extinction ratio, suitably wide spectral bandwidth, high sidelobe level suppression, and good apodization) is a key factor in overall device performance.
In this paper, we present high-performance Bragg gratings in As 2 S 3 -based rib waveguides written with a modified Sagnac interferometer. We achieve 7 nm wide gratings with a corresponding refractive index modulation of 10 −2 and more than 30 dB in transmission rejection. We also achieve good grating apodization (using the writing laser coherence length) resulting in sidelobe suppression better than 25 dB. Furthermore, we obtain good agreement between experimental and theoretical results based on a 2ϫ 2 transfer-matrix formulation for multilayer structures. 9 We also report the first demonstration of phase-shifted Bragg gratings in chalcogenide-based rib waveguides, fabricated using a photomask, and obtain a central transmission bandwidth of less than 100 pm. The influence of waveguide birefringence, higher-order modes (HOMs), and aging on the grating spectra are also investigated. Finally, grating growth dynamics are studied during writing by an in situ monitoring system, and spectra are compared with the modeling results. ChGs, which contain chalcogen elements (S, Se, and Te) and other elements such as As, Ge, Sb, and Ga, are lowphonon-energy materials, generally transparent from the visible to the infrared. They typically have high optical nonlinearities with a nonlinear Kerr refractive index ͑n 2 ͒ up to 1000 times that of silica. 2 In addition, these large nonlinearities can be achieved while still maintaining low two-photon absorption. Figures of merit (n 2 / ␤, in which ␤ is the two-photon absorption coefficient) higher than 12 have been achieved in As 2 S 3 in the telecommunication wavelength band. 10 In this work, we focus on As 2 S 3 ChG that has recently formed the basis of low-loss rib waveguides fabricated by the ultrafast pulsed laser deposition technique. 11 Among the various types of ChGs, As 2 S 3 displays a relatively high n 2 value and is one of the most well studied. 12-14 In addition, As 2 S 3 is well known to be photosensitive to visible light using Ar + ͑514 nm͒ and He-Ne ͑632.8 nm͒ lasers. 15, 16 This has been used to fabricate low-loss ͑Ͻ0.3 dB/ cm͒ channel waveguides and waveguide Bragg gratings, fiber amplifiers, and lasers. 12 The central feature of this paper is the demonstration of high-quality Bragg gratings adequate for demanding high-bit-rate all-optical device applications as well as the first complex grating structures containing phase shifts. The structure of the paper is as follows. First, the waveguide structure is described, followed by a discussion of the grating writing setup. Next, grating writing results are presented along with numerical modeling. The effects of waveguide birefringence, HOMs, and aging are then discussed. Finally, grating growth dynamics, measured with an embedded in situ monitoring system, are presented.
WAVEGUIDE STRUCTURE AND WRITING SETUP
A. Waveguide Structure The As 2 S 3 -based rib waveguides are fabricated by deposition of an As 2 S 3 layer onto a thermally oxidized silicon wafer utilizing the ultrafast pulsed laser deposition technique with a frequency-doubled, mode-locked Nd:YAG laser. 11 The 2.4 m thick SiO 2 layer provides a lower cladding layer with a refractive index ͑n silica = 1.44͒ much less than As 2 S 3 . Ultrafast pulsed laser deposition produces atomically smooth, dense thin films, which usually do not require annealing before subsequent fabrication processes. We use a standard photolithographic technique with an aluminum mask followed by helicon plasma dry etching with a CF 4 /O 2 gas mixture as the enchant (etch rate= 250 nm/ min) to form a rib waveguide (rib height H = 2.0-5.0 m, slab height h = 1.0-1.7 m). After etching, a high-quality polysiloxane layer ͑n = 1.53͒ is deposited ͑thicknessϾ 10 m͒ to act as an protective overcladding layer. 11 Waveguide widths vary from 3 to 5 m. Figure 1 shows a schematic view of a typical waveguide, as well as an optical micrograph of a waveguide facet. Propagation losses of the waveguides are dependent on the effective area and polarization. Both cutback 17 and
Fabry-Perot waveguide cavity fringe analysis 18 were used to measure propagation losses, which were ϳ0.25 dB/ cm at 1.55 m for the wider waveguides. Although the deep etch depth of the waveguides ͑Ͼ45% ͒ resulted in tight light confinement in the rib region, making them attractive for nonlinear optical experiments such as self-phase modulation, 11 the relatively large effective area of the wider waveguides resulted in the support of higherorder TE and TM modes.
19,20 Figure 2 shows the holographic grating writing setup, based on a modified Sagnac interferometer, used to write the Bragg gratings in the As 2 S 3 rib waveguides. 21 To date, in reports of holographically written Bragg gratings in ChG-based fibers and waveguides, Mach-Zehnder interferometers have been employed, 15, 16, [22] [23] [24] which are par- ticularly sensitive to environmental disturbances (mechanical vibrations, thermal gradients, and air currents). This sensitivity affects the stability of the interference pattern over time and hence the quality of the Bragg grating-especially during long write times. In contrast, a Sagnac interferometer provides excellent stability over time. Using a vertical vacuum sample holder enabled us to implement the writing system horizontally. We used the modified Sagnac interferometer in combination with a cw, frequency-doubled, diode-pumped Nd:YAG laser ͑ w = 532 nm͒ with a maximum available power at the sample of 50 mW. The laser had a short coherence length ͑ϳ3 mm͒ that we used to apodize the edges of the grating via the length-dependent visibility of the interference pattern, 25 which is discussed in detail in Section 3. The polarized laser beam was telescopically expanded, cylindrically focused, and split using a phase mask with rectangular grooves ͑⌳ m = 1063.3 nm͒. The angle between each ±1 diffracted order and the normal axis to the phase mask surface ͑͒, shown in Fig. 2(b) , is fixed at = sin −1 ͑ w / ⌳ m ͒. The ±1 diffracted orders of the phase mask are reflected from a pair of mirrors and interfere at the sample surface (TE polarized). The spot size at the writing plane was measured with a laser beam analyzer to be 6.0 mm ͑width͒ ϫ 0.6 mm ͑height͒. The half-angle between the two interfering beams at the surface of the sample ͑͒ is given by = −2 1 −2 2 − , where 1 and 2 are the angles of the two interferometer mirrors. The Bragg wavelength ͑ B ͒ of the written grating is
B. Grating Writing Setup and Characterization
where n eff is the effective refractive index of the waveguide propagating mode and we assume that 1 = 2 = .
Clearly then, n eff and ͑or ͒ are the two main parameters that affect the Bragg wavelength. The sensitivity of the Bragg wavelength to n eff and is
For example, ⌬n eff = 0.02 or ⌬ = 1°results in a Bragg wavelength deviation of around 20 nm. Thus the Bragg wavelength can be arbitrarily set by adjusting the sample holder position and tuning the mirror angles. Figure 3 shows the schematic view of the characterization setup. The transmission spectra of the gratings were characterized using an unpolarized erbium-doped fiber amplifier, an amplified spontaneous emission (ASE) source (C band: 1520-1580 nm), and an optical spectrum analyzer (OSA) with 60 pm resolution. A fiber-coupled, bulk optics polarization controller stage was placed between the light source and the sample and adjusted to obtain the maximum polarization extinction ratio for the two orthogonal polarization states (TE and TM). The source was then butt coupled into the waveguide via a high numerical aperture (NA) fiber. A second high-NA fiber coupled the transmitted output either to an optical powermeter for alignment optimization or to the OSA to measure the transmission spectra. The output polarization state of the waveguide was verified using a bulk optics polarizer. Figure 4 shows the transmission spectrum of a strong, high-quality Bragg grating for TE-polarized light, written in a 4 m wide (H = 2.39 m, h = 1.39 m), 5 cm long As 2 S 3 rib waveguide using the modified Sagnac setup. The sample was exposed to a total writing power of 6.0 mW for 60 s. The sharp spectral features, wide spectral bandwidth (⌬ ϳ 5 nm corresponding to ⌬n ac ϳ 7.7 ϫ 10 −3 ), and deep transmission rejection of −33 dB are indications of the stability of the Sagnac setup. Note that the minimum of the transmission dip is less than −33 dB but cannot be resolved by our measurement system. The shallow transmission dip near 1544.5 nm is due to a HOM, which this waveguide supports, and is discussed in Subsection 5.C.
EXPERIMENTAL RESULTS
The strong suppression of sidelobes around the main resonance in Fig. 4 is particularly noteworthy. Appearance of such sidelobes is a result of a Fabry-Perot-like cavity effect caused by abrupt changes in the grating structure, such as would occur at the beginning and end of a uniform Bragg grating. In practical applications, these spectral sidelobes are suppressed by apodization: a process of slowly varying the grating structure along its axis, resulting in a nonuniform grating profile. 26 The near absence of sidelobes in our transmission spectra indicates that the grating profile has been properly apodized. This was achieved by utilizing the short coherence length of the laser ͑ϳ3 mm͒ 25 to produce high-visibility interference fringes that gradually diminish over a length scale related to the coherence length and hence the suppression of the sidelobes. In addition, the interfering beams at the surface of the sample have a Gaussian profile 6.0 mm in length. Since the coherence length is shorter than the exposed length, the average refractive index in the grating region is relatively flat, resulting in a raised Gaussianapodized structure. This ensures that the Bragg wavelength remains constant over the grating structure. It should be mentioned that Gaussian-interfering beams with long coherence length would not result in a uniform average refractive index. The Bragg wavelength in such a structure would vary as a function of position, causing Fabry-Perot-like fringes to appear on the short wavelength side of the transmission dip. 
MODELING
To model the gratings we use a thin-film 2 ϫ 2 transfermatrix method (T matrix), 9 which is more rigorous than other techniques such as a matrix formulation of the coupled-mode equations. 
where M is a 2ϫ 2 matrix with the following form:
where D 0 and D s are the dynamic matrices of the incident medium and substrate, respectively, and Q i is the characteristic matrix of the ith layer. At an angle of incidence equal to zero, the above matrices are
In Eq. (7), i = ͑2 / ͒n i d i is the effective optical thickness of the ith layer. The reflectance ͑R͒ and transmittance ͑T͒ from the layered structure are related to the matrix M elements
GRATING PROPERTIES
To model the gratings, the complete grating structure is discretized. We found that a layer thickness equal to a quarter of the grating period is sufficient to efficiently follow the sinusoidal refractive index variation. Also, as mentioned above, to eliminate the spectral sidelobes, a raised apodization profile is required, which is the motivation behind our use of a short-coherence-length laser. 25 Under these conditions, the effective length of the grating (L g , approximately equal to the coherence length of the writing laser) is shorter than the length of the total exposed area ͑L t ͒. The refractive index profile of a typical raised Gaussian-apodized grating is
where n 0 is the linear refractive index that is close to the effective refractive index of the fundamental mode as calculated by the beam propagation method, 28 ⌬n dc is the dc refractive index change, v is the visibility, and ⌳ is the period. The index modulation amplitude ͑⌬n ac ͒ is then Figure 6 shows the experimental normalized transmission spectrum (TE polarization) of a strong grating fabricated with 10.0 mW writing power and 60 s exposure in a 5.3 cm long As 2 S 3 rib waveguide (W =4 m, H = 2.37 m, h = 1.25 m). Shown concurrently are the theoretical results modeled using the 2 ϫ 2 T-matrix method together with the grating profile in Eq. (9) . The grating parameters are n 0 = 2.37, ⌬n dc = 0.0096, v =1, L t = 7 mm, L g = 3 mm, and B = 1552.5 nm. As can be seen, this is a well-apodized grating with highly suppressed sidelobes on the short wavelength side of the spectrum, achieved through the short coherence length of the writing laser. 
A. Strong, Well-Apodized Bragg Gratings

B. Phase-Shifted Bragg Gratings
Because of the strongly enhanced fields they generate, phase-shifted Bragg gratings, as high-finesse notch filters, have great potential for application in nonlinear devices, allowing for greatly reduced switching thresholds. 29 Such gratings are fabricated by introducing a phase shift across the grating. The main techniques employed for fabrication of phase-shifted gratings are (1) incorporation of the phase shift in the fabrication mask, 30 (2) postexposure of the grating structure, 31 (3) postprocessing using localized heat treatment, 32, 33 and (4) utilizing an opaque mask to block the interfering beams in part of the grating structure. All of the mentioned techniques effectively result in two gratings that act as a Fabry-Perot cavity. Method 1 is not suitable for the current interferometric setup, method 3, in which heat treatment is used, is not compatible with our waveguides because of the polymer overcoating. Methods 2 and 4 are both compatible with our waveguides and method 4 is used here. The resonance wavelength depends on the magnitude of the phase shift and is related to the width of the cavity. The width also affects the free spectral range of the Fabry-Perot resonator. The location of the cavity within the grating structure affects the relative reflectivity of the two cavity mirrors and influences the transmission width. 31 Figure 7(a) shows the approach used to write phaseshifted gratings with an opaque mask (width of ϳ300 m) placed near the center of the beam to block the central portion of the interference pattern during the writing process. This changes the average index at that point, causing a dephasing between the two ends of the grating and hence the creation of a resonant cavity. This is, to our knowledge, the first report of phase-shifted Bragg gratings written in ChG waveguides and lays a foundation for application in future experiments with further refinement of the process. In Fig. 7(b) , the transmission spectra (solid curve) of a phase-shifted grating are shown, fabricated as described in a 2.2 m wide (H = 2.7 m, h = 1.0 m) quasisingle-mode waveguide (TM polarization). The single, narrow ͑Ͻ100 pm͒ resonance peak in the transmission spectrum can serve either as a narrow-bandpass filter or as a cavity to strongly enhance the fields and hence the nonlinear optical processes. Modeling (dashed-dotted curve) of this structure using the T-matrix method is able to reproduce the spectrum well. Figure 8 shows the transmission spectra of a grating written in a rib waveguide (1.3 cm long, 5.2 m wide, h = 1.0 m, H = 2.7 m) where birefringence has induced spectral splitting of the TE and TM resonances. As mentioned earlier, the wider waveguide used here supports multiple HOMs that manifest as additional transmission dips observed on the short wavelength side of the main resonance.
C. Effect of Birefringence and Higher-Order Modes
Bragg gratings are powerful tools to investigate the modal properties and birefringence of the waveguides. 34, 35 The phase-matching equation defines the Bragg wave- length in terms of the grating period ͑⌳͒ and the effective indices ͑n eff ͒ of the incident ͑p͒ and scattered ͑q͒ propagating modes:
For the main resonance, only the fundamental mode is involved, resulting in p = q = 0. Using the beam propagation method, 28 the precise effective modal indices of the fundamental mode for the waveguide in Fig. 8 have been compiled in Table 1 for both TE and TM polarizations. From Table 1 , the difference in refractive indices between the EH 00 and HE 00 (fundamental TE and TM) modes is ⌬n eff ϳ 8.45ϫ 10 −4 , which would give rise to a Bragg wavelength polarization shift of ⌬ ϳ 0.55 nm. This is much less than the actual ϳ3 nm shift ͑⌬n ϳ 5 ϫ 10 −3 ͒ observed in Fig. 8 . This would indicate that the waveguide structural birefringence is not the sole cause of this birefringence. Even though photoinduced birefringence of the order of ⌬n ϳ 2 ϫ 10 −3 has been previously observed in As 2 S 3 illuminated by bandgap light ͑E ϳ 2.3 eV͒ (Ref. 36 ) and a nonuniform refractive index profile in the vertical direction may be expected from the limited absorption length for the 532 nm writing wavelength 16 (ϳ3 m, comparable to our waveguide dimensions), we have observed varied spectral splitting even under identical writing conditions. This suggests other mechanisms, such as stress-induced anisotropy (induced possibly under waveguide fabrication), are present. Table 1 also lists the effective indices of the HOMs of the above waveguide. As the input fiber is well aligned to the waveguide and provides good mode overlap with the fundamental mode, we assume that only the fundamental mode ͑p =0͒ is excited (in agreement with beam propagation modeling). Therefore all the HOM resonances correspond to the fundamental waveguide mode ͑p =0͒ coupling to a HOM ͑q Ͼ 0͒ via the Bragg grating. If 0 and q are resonance wavelengths for the fundamental and qth HOMs, respectively, the following relation can be obtained from Eq. (11):
2n eff,0 . ͑12͒ Table 1 shows the comparison between the experimental and theoretical resonance wavelengths and shows good agreement. A similar analysis conducted for the HOM observed in Fig. 4 results in a difference of less than 0.7 nm. The depth of the transmission dips in Fig. 8 depends on the mode-coupling coefficient, which is proportional to the overlap integral between the incident and scattered mode fields and the transverse spatial distribution of the grating refractive index perturbation.
34 Figure 9 shows the mode intensity profiles associated with the indices referred to in Table 1 . We note that the HOMs do not posses the same symmetry as the incident fundamental mode. Loss of up-down symmetry is expected due to the nonuniform refractive index change distribution; however, the loss of left-right symmetry suggests that the waveguide or grating also exhibits an associated breakdown in symmetry. The relatively low transmission rejection of these respective resonances (compared with the fundamental resonance) suggests that this is a weak effect.
D. Effect of Aging
Another phenomenon we observed was a shift in the Bragg wavelength toward longer wavelengths associated with aging. Figure 10 shows the transmission spectrum of a grating (TE polarization) written in a 1.3 cm long waveguide, as a function of elapsed time after writing. The grating was exposed for 60 s at 6.8 mW. As seen, the grating spectrum shifted ϳ2 nm after a month of storage in a dark, temperature-stabilized location. This shift appears to be produced by a change in grating period by approximately 1 part in 1000. We believe this to be caused by the relaxation of stress induced in the As 2 S 3 during the writ- ing process (photoexpansion relaxation) in addition to the stress induced during the waveguide fabrication process (particularly in unannealed As 2 S 3 layers).
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E. Grating Growth Dynamics
We used an in situ monitoring setup for investigating the growth behavior of the gratings. The setup consisted of two 3-axis translation stages used to couple light from an erbium-doped fiber amplifier ASE source to the waveguide through a polarization control stage, and from the waveguide to an OSA, via high-NA fibers. Note that previous reports of in situ monitoring during growth were based on a Mach-Zehnder writing setup. 16, 24 Our results were obtained while writing a grating in a 5 cm long, 5 m wide (H = 2.37 m, h = 1.25 m) waveguide with a total writing power at the waveguide surface of 5.6 mW. TE-polarized light was launched into the waveguide and the sampling interval for recording the transmission spectral data from the OSA was 9 s.
Figures 11(a)-11(e) shows the experimental evolution of the transmission spectra of the grating during writing after 86, 196, 350, 502, and 712 s. Three effects are observed in Fig. 11: (1) the shift of the Bragg wavelength to longer wavelengths; (2) the variation of the 3 dB spectral bandwidth of the grating; and (3) the evolution of the spectral shape and appearance of sidelobes on the short wavelength side of the spectra, implying a significant evolution of the raised Gaussian apodization function.
These effects can be understood by studying the temporal variation of the dc and ac refractive index change as inferred from the Bragg wavelength and the grating bandwidth using the following relations:
Here n 0 is the linear refractive index of the grating medium, i is the Bragg wavelength at the initial stage of grating growth (here ϳ1558 nm), ⌬ B ͑t͒ = B ͑t͒ − i , and ⌬͑t͒ is the 3 dB bandwidth of the grating spectrum at time t. Figure 12 shows the dc and ac refractive index changes versus writing time. As can be seen, ⌬n dc increases monotonically, tending toward a saturation value of ϳ0.015 for longer exposure times ͑t Ͼ 580 s͒. During the grating growth, ⌬n ac increases to a maximum value ( ϳ0.0072 at 320 s) and then decreases for longer exposure times. This indicates a decrease in the visibility of interference fringes creating the index modulation since the average index continues to grow. This effect can be understood by observing that, as the refractive index in the regions corresponding to the maxima of the intensity interference pattern begins to increase and then saturates, the refractive index at the troughs between the peaks rises continuously, resulting in a decrease in the ⌬n ac . The insets in Figs. 11(a)-11(e) are the corresponding grating profiles calculated from Eq. (9) and the inferred index changes. These profiles clearly show that the ideal apodization function is not retained for long exposure times, causing the average refractive index to vary strongly across the grating and generating sidelobes on the short wavelength side of the main resonance. In fact we can use the inferred values of the dc and ac refractive index in the T-matrix model, and indeed we find that the experimental and modeled spectra are in excellent agreement.
CONCLUSION
We report the first high-performance Bragg gratings written in As 2 S 3 -based rib waveguides paving the way for a multitude of uses in integrated nonlinear waveguide devices. To generate these gratings, we used a modified Sagnac interferometer, which produced an interference pattern stable over many minutes, as well as the high material photosensitivity of As 2 S 3 to achieve strong Bragg gratings, which could be well apodized and phase shifted. In addition, we achieved good agreement with experiment by theoretically modeling the gratings with a 2 ϫ 2 transfer-matrix formulation. The gratings provided an excellent tool to examine the photonic structure of the waveguides including higher-order modes, birefringence (waveguide-based and photoinduced), and postexposure structural relaxation. We find that birefringence in the waveguides is mainly due to the waveguide geometry and material stress, rather than photoinduced. In addition, structural relaxation is the main process that shifts the grating spectra toward longer wavelengths after grating writing. Finally, in situ monitoring allowed us to investigate grating growth during writing. The results verified our understanding of the writing process and pointed toward potential improvements in the writing setup. It further allowed us to determine the optimal point to terminate exposure before saturation effects begin to decrease the visibility of the index modulation.
